by glucose in dry state were compared. The temperature of OVA-glucose mixture was raised to 80℃ in 13 min and kept for 0, 15, 30 and 60 min by MH and CH. SDS-PAGE analysis showed that the bands of OVA glycated by MH and CH appeared to be shifted equally to higher molecular mass. However, the amount of primary amino groups in OVA glycated by CH significantly decreased compared with those by MH. The solubility of OVA glycated by CH was higher than that by MH. These results suggested that CH accelerated the glycation of OVA in solid-state more than MH.
Introduction
Many researchers have attempted to improve the functional properties of proteins through physical, chemical and/ or biological treatments. However, most of these methods utilize toxic chemicals and are not permitted applications for food industry. Recently, some researches have attempted to improve the functional properties of proteins through glycation, which uses Maillard reactions between the amino groups and the reducing-end carbonyl groups of saccharide, in the absence of chemicals. It has been reported that glycation improves heat stability (Chevalier et al., 2001) , emulsifying properties (Achouri et al., 2005) , and decreased antigenicity (Hattori et al., 2004; de Lagemaat et al., 2007) .
Microwave heating (MH) is a safe and rapid method already used in the heating and drying of foods. The effect of microwave heating on glycation has been studied by some researchers. Guan et al. (2006) described that MH accelerated the Maillard reaction of soya protein isolate with sugars in a buffer solution. Meissner & Erbersdobler (1996) compared the effect of MH and CH on the formation of early Maillard products in milk and reported that there were not significant differences. However, these studies were conducted in a buffer solution and liquid milk, respectively. Microwave radiation uses a heating mechanism that rotates and vibrates the electric dipole of target molecules, which differs from conductive heating (CH). Therefore, microwave radiation is preferentially absorbed by water molecules. To decrease the effect of indirect heating by water molecules, we apply the heating energy to the ovalbumin-glucose mixture in solidstate.
In the present study, we compared the effects of MH and CH on ovalbumin (OVA) glycation by glucose in solid-state.
Materials and Methods
Materials OVA was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All reagents used were of analytical grade. The microwave applicator was IMCR-25003 Model, 400 W full power, IDX Co. (Kanagawa, Japan). The equipment used for CH was a DN-41 Model dryheat dehydrator, Yamato Scientific Co. (Tokyo, Japan).
Glycation by CH and MH OVA and glucose (3.4:1 w/w) were dissolved in distilled water, followed by lyophilization. The moisture content of the OVA-glucose lyophilized mixture was about 4.4% when estimated by drying at 102℃ for 90 min under atmospheric pressure. The OVA-glucose mixture was heated to 80℃ and maintained for 0, 15, 30, and 60 min by MH or CH in an open-ended polypropylene tube (inner diameter 5 mm, sample height 15 mm). The treatment time was defined as the temperature holding period at 80℃. Temperature was monitored by a thermocouple inserted directly into the sample powder during MH and CH. The heated and non-heated samples were stored at -20℃ until further analyses.
SDS-PAGE SDS-PAGE was carried out by the method of Laemmli (1970) . Glycated OVA were analyzed using a 12.5% (w/v) acrylamide separating gel with a 4% (w/v) acrylamide stacking gel. The sample solutions were prepared in 0.5 M Tris-HCl buffer (pH 6.8), containing glycated OVA (250 μg/mL), 2% (w/v) SDS and 1% (v/v) β-mercaptoethanol. The solutions were heated at 95℃ for 5 min and 10 μl was loaded onto the gel. SDS-PAGE was conducted with a constant current of 30 mA for 60 min using an electrophoretic buffer of Tris-glycine containing 0.1% SDS. The gel was stained with Gel Code Blue Stain Reagent (Pierce, Rockford, IL, USA).
Measurement of primary amino groups The amount of primary amino groups of lysine was determined using the o-phthaldialdehyde (OPA) method (Church et al., 1983; Guan et al., 2006) . The OPA reagent was prepared daily by combining the following reagents and diluting to a final volume of 50 mL with distilled water: 40 mg of OPA (dissolved in 1 mL of methanol); 25 mL of 100 mM sodium tetraborate; 2.5 mL of 20% (w/w) SDS and 100 μl of β-mercaptoethanol. Fifty microliters of the solution of glycated OVA was added directly to 1 mL of OPA reagent. The solution was mixed briefly by inversion and incubated for 2 min at room temperature, and the absorbance was measured at 340 nm in a spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan). A calibration curve was obtained by using 0.5-10 mg/mL OVA solutions as a standard.
Determination of solubility Solubility of glycated OVA was determined at several pH values. After the pH value was adjusted with 0.1 M HCl or NaOH and the concentration of glycated OVA (0.1% w/w) was estimated by the absorbance at 280 nm, the solution was stirred for 30 min at room temperature. The supernatant was separated after centrifuging at 8,000 × g for 20 min. The solubility was indicated as the ratio of the absorbance (280 nm) of the supernatant to that of the original solution.
Results and Discussion
Temperature profiles Treatment temperature is the most important parameter that affects the Maillard reaction. Therefore we intended to standardize the temperature rising profile in order to compare the glycation rate of OVA between MH and CH. First, the temperature profile of the OVA-glucose mixture was determined during CH (Fig. 1) . The temperature increased with time and reached 80℃ in about 13 min. To obtain a similar temperature profile between MH and CH, MH temperature profiles were obtained at several output powers. MH at 180 W gave a same temperature profile as CH. Therefore, MH at 180 W was used to compare the glycation of OVA between MH and CH in dry state.
SDS-PAGE analysis It is expected that the molecular mass of OVA increases through the glycation by MH and CH. Glycated OVA samples by MH and CH were applied to SDS-PAGE (Fig. 2) . As the heating time increased, the bands of OVA glycated by MH and CH were shifted upward. Increase in the molecular mass by glycation in dry state has been already reported (Oliver et al., 2006) , and our results corresponded with this report. However, it was difficult to detect differences in mobilities on the SDS-PAGE.
OPA-analysis It is known that primary groups show high reactivity for glycation through the Maillard reaction. Therefore the quantity of glycated ε-amino groups of lysine can be used as a criterion for the extent of glycation. OPA reacts with primary amines in the presence of β-mercaptoethanol and SDS, and produces 1-alkylthio-2alkylisoindole (Simons & Johnson, 1976) . Therefore, OPA was used to determine ε-amino groups of lysine in protein (Church et al., 1983) . Figure 3 shows the relative amount of primary amino groups in glycated OVA after MH at 180 W and CH for different heating times.
The amount of primary amino groups decreased with time. These results supported the results of the SDS-PAGE (Fig. 2) . The amount of primary amino groups of OVA glycated by CH decreased significantly comparing to that by MH (p < 0.01). Especially, the amount of primary amino groups in OVA glycated by CH was about half of that by MH after 60 min of heating.
Determination of solubility It is known that the solubility of protein increases by binding with saccharides. Therefore, to assess the extent of glycation of OVA, the relative solubility of the glycated OVA formed after heating for 60 min was determined at several pH values. The results are shown in Fig. 4 . The solubilities of native OVA and lyophilized OVA-glucose mixture decreased to 75% at pH 4.6 (pI value of OVA). On the other hand, the decrease in the solubility of glycated OVA was small. These results were consistent with Jimenez-Castaño et al. (2005) , who reported that the relative solubility of native proteins decreased at their pI, but this decrease was recovered by glycation. Furthermore, the relative solubility of OVA glycated by CH was higher than that of MH at pH 4.6. This corresponds with the result of the OPA analysis. The present results showed that CH catalyzed the glycation of OVA in dry state to a greater extent than MH.
In this study we subjected lyophilized (solid-state) OVAglucose mixture to MH and CH to decrease the indirect heating effects by water molecules during MH. The obtained results showed that the glycation rate of OVA by MH was less than that by CH in solid-state. Yeo and Shibamoto (1991) reported that no increase in browning was observed at a low water content, and browning intensity increased rapidly at a water content of about 8% and reached a maximum level with a water content between 10 and 14% when a mixture of L-cysteine and D-glucose was subjected to MH. With respect to CH, Pan and Melton (2007) reported that the optimum water content for acceleration of glycation of caseinate was about 60-80%. However, glycation by MH and CH at water content around 4% is still obscure. In MH, electric dipoles in OVA and glucose molecules in addition to water molecules may rotate and vibrate by absorbing microwave energy, leading to the temperature elevation. It is thought that the microwave energy absorbed by electric dipoles involved in glycation was insufficient to effectively accelerate OVA glycation. 
